Human umbilical cord blood (UCB) has been used successfully to treat a variety of genetic, hematological, and oncologic disorders. However, the low number of hematopoietic progenitor cells available in donated cord blood samples limits transplantation of cord blood to children and small adults. Reduction of the volume of umbilical cord blood is widely used in cord blood banking to reduce the storage requirements in large-scale UCB banks. Unfortunately, during the volume reduction process, up to 40% or more of the progenitor cells are lost using current reduction methods. This study describes a highly reproducible, double collection technique using Pentaspan to reduce UCB volume by red cell depletion. This results in the preservation of critical hematopoietic progenitor cells. The final volume of the leukocyte concentrates (LC) was 19.8 ± 0.4 ml with 95% red cell depletion.
Over the last decade, more than 1000 cases of successful human umbilical cord blood transplantation have been reported. This has established the utility of using umbilical cord blood as an alternative source of hematopoietic stem cells for bone marrow reconstitution. Hematopoietic progenitors from umbilical cord blood have many advantages over adult bone marrow and peripheral blood stem cells. [1] [2] [3] [4] The main disadvantage of umbilical cord blood is the restricted volume of the donated cord blood sample. This limits the absolute number of hematopoietic progenitor cells available for transplantation. A low nucleated cell dose can significantly decrease recipient survival after hematopoietic progenitor cell transplantation. 5 Maximizing the number of hematopoietic progenitor cells available for transplantation is critical, and efforts have focused on improving the number of cells that are recovered during cord blood banking procedures.
Volume reduction of cord blood is widely used in cord blood banking to improve available storage space. 6, 7 The current method for volume reduction was developed by Rubinstein et al 6 and is followed by most cord blood banks worldwide. The volume of cord blood is reduced by enhanced sedimentation of red cells by rouleaux formation that is induced by a strong sedimenting agent such as 6% hydroxyethyl starch (Hespan). However, the number of nucleated cells lost during this procedure can be 40% or more. 1, 8, 9 As a result of this cell loss, mainly children meet the optimal nucleated cell dose of 3.7 × 10 7 /kg of recipient body weight that is used as a minimum requirement for a successful transplantation outcome. 10 In order to expand the pool of patients able to receive transplants, only donated cord blood samples that have a large initial volume are banked. Unfortunately, valuable cord blood samples that do not meet the minimum volume criteria or minimum recovery of leukocytes are routinely discarded. Without more efficient methods that reduce the volume of umbilical cord blood samples, use of cord blood as an alternative source of hematopoietic progenitor cells will remain limited to children and small adults.
This study describes an efficient and reproducible method using Pentaspan to reduce the total volume of cord blood samples without significantly reducing the number of nucleated cells during the process.
Materials and methods

Cord blood collection
Registered mothers, with informed consent, donated cord blood samples from normal full-term deliveries under a protocol reviewed by the Institution's Health Research Ethics Board. Cord blood was collected from the umbilical vein by gravity drainage into a blood collection bag containing 23 ml citrate phosphate dextrose adenine (CPDA-1) anticoagulant (Medsep, Covina, CA, USA). The collected cord blood was stored at room temperature and processed within 36 h of collection.
Volume reduction
Single collection: Ten percent pentastarch (Pentaspan; DuPont, Mississauga, Ontario, Canada) was added to the cord blood in the collection bag to obtain a final concentration of 2% and was incubated at room temperature for 5 min. Centrifugation time was determined by the volume of cord blood with CPDA-1 using the following, empirically derived formula (unpublished):
where CT = centrifugation time, K = 7.7227, L = ln (volume of cord blood with 23 ml CPDA), M = 26.242. The bag was held vertically in a centrifuge bucket using styrofoam inserts and centrifuged at 52 g at 10°C for the time calculated from the above formula. After completion of the centrifugation, the buffy coat was expressed into a 150 ml transfer bag (No. 1 transfer bag; Baxter Healthcare, Deerfield, IL, USA) using a plasma extractor (Baxter Healthcare). The transfer bag was then centrifuged at 400 g for 10 min at 10°C. The plasma was expressed into a second transfer bag (No. 2 transfer bag) resulting in approximately 20 ml of leukocyte concentrate (LC) remaining in the first transfer bag. The leukocyte concentrate was then assessed.
Double collection:
The first collection of the double collection was the same as for the single collection except that plasma from No. 1 transfer bag was returned to the collection bag (containing depleted red blood cells and leukocytes). The closed processing system was reassembled by reconnecting the plastic tubing of No. 1 transfer bag and the collection bag using a sterile tubing welder (Terumo Medical, MD, USA). The tube on the collection bag was then sealed using a hand sealer (Sebra, Tucson, AZ, USA) at 10 cm from the bag and then cut. The collection bag was held vertically in a centrifuge bucket using styrofoam inserts, and centrifuged at 52 g at 10°C for the time calculated from Equation 1. When multiple samples were processed, the average centrifuge time as calculated from Equation 1 was used. After completion of the centrifugation, the collection bag was re-connected to No. 1 transfer bag (containing the initial leukocyte concentrate) using the sterile tube welder as before. The No. 1 transfer bag was then centrifuged at 400 g for 10 min at 10°C. After completion of the centrifugation, the plasma was expressed into a second transfer bag (No. 2 transfer bag) using a plasma extractor, leaving a final volume of 20 ml of leukocyte concentrate in the No. 1 transfer bag.
Enumeration and viability of CD34
+ cells CD34 + cells were quantified using the flow cytometric technique described by Keeney et al. 11 Briefly, 2 × 10 6 nucleated cells from either cord blood, LC from first collection, or LC from double collection were treated with either 20 l CD34-PE (580 clone)/CD45-FITC (J33 clone) or CD45-FITC/Isoclonic PE at room temperature for 20 min in the dark. Two milliliters of 10% ammonium chloride was added to the tubes followed by 20 l 7-amino-actinomycin D (7-AAD, 1 g/ml; Molecular Probes, Eugene, OR, USA). The tubes were incubated for 15 min in the dark, and then 100 l of Coulter Stem-Count beads was added. Within one hour of sample preparation, flow cytometric analysis was performed on a Coulter EPICS XL/MCL cytometer (Coulter, Hialeah, FL, USA). The 7-AAD functions to determine cell viability. 7-AAD is an analog of actinomycin D that binds between cytosine and guanine bases of DNA. 12 The 7-AAD/DNA complex has a maximum absorption at 546 nm with a red fluorescent emission at 647 nm. These spectral characteristics result in 7-AAD being well suited for argon laser equipped cytometry that has an excitation wavelength of 488 nm. There is little spectral overlap between 7-AAD and FITC or PE, further enhancing its suitability for assessing CD34
+ cells with single platform flow cytometry.
Viability of nucleated cells
The viability of nucleated cells was assessed in the 7-AAD stained samples, and analyzed using a flow cytometer.
Hematological cell counts
The number of total NC and MNC was determined using a Coulter A 
Colony-forming assay (CFU)
CFU in pre-processed (whole cord blood), LC from single collection and LC from double collection were assessed using a commercially prepared complete methylcellulose medium, Methocult GF H4434 (StemCell Technologies, Vancouver, BC, Canada). Cells were plated without further separation in triplicate at a concentration of 1.25 × 10 4 cells per well. After incubation at 37°C for 14 days in humidified air containing 5% CO 2 , granulocyte-macrophage (CFU-GM), erythroid (BFU-E) and granulocyte-erythroidmacrophage-megakaryocyte (CFU-GEMM) colonies were scored by microscopic examination.
Bacteriology
To check for contamination, 0.5 ml samples of pre-processed cord blood and LC collected after the double collection technique were tested for sterility. Bacterial and fungal contamination were evaluated using the Bactec method (Becton Dickinson, Mountain View, CA, USA).
Statistics
A statistical comparison between the recovery obtained using the single and double collection methods was perfor- med. A one-way ANOVA was used with a level of significance set at 0.05. Table 1 shows that using the double collection technique reduces the volume of cord blood by three quarters from an original volume of 79 ± 5.1 ml to 19.8 ± 0.4 ml without a significant loss of viability of nucleated cells or CD34 + cells. The achieved red cell depletion was 94.5 ± 0.7%. Table 2 shows total cell counts of pre-processed samples, and samples processed by single collection or double collection method. More cells are recovered from the double collection than from the single collection method. In Table 2 , percent recovery of NC, MNC, CD34 + cells and CFU following processing is shown. Double collection technique improved the average recovery of NC, MNC, CD34 + cells, and CFU by 15%, 18%, 12% and 15%, respectively. The increased recovery obtained using the double collection technique is statistically significant for Table 2 Total cell count and yield of cord blood from pre-processed, single and double collection 
Results
Volume reduction
Cell recovery
Bacteriology
As showed in Table 1 , there was no bacterial or fungal contamination of either the pre-processed samples or the samples from the double collection process following a 7-day culture.
Discussion
This study describes a double collection method that can be used to significantly enhance the recovery of the LC from umbilical cord blood samples while providing excellent volume reduction. The single collection permits depletion of red cells, reduction of plasma volume and collection of LC. This single collection method is widely used in clinical cord blood banks. However, the recovery of NC and MNC is highly variable. The cord blood banking standard for recovery of NC and MNC has been proposed to be 60% and 80%, respectively. 8 In Table 2 , recovery of NC after a single collection was 73.5% with a range of 46.6 to 100%. According to the proposed standard, two out of the 22 cord blood specimens in this study, or 9%, would have had to be discarded. However, when the double collection procedure was employed recovery was increased to 89.2% with a range of 81-99.7%. In this case, none of the samples would have had to have been discarded. It is shown in Table 1 that the recovery of NC, MNC, CD34
+ cells and CFU from a double collection was significantly higher than from a single collection. More important is the fact that the cell recovery from the double collection method was highly consistent within a very narrow range. These data suggest that the proposed cord blood banking standard requiring cord blood samples to be discarded after unsuccessful volume reduction 8 is not necessary if a double collection process is employed especially for large-volume cord blood samples.
The process is appropriately named double collection as the residual cord blood and expressed plasma is mixed and centrifuged to collect the leukocytes lost in the first collection. The end result is increased leukocyte recovery. The velocity ratio of the leukocytes to red blood cells is an important parameter in this separation. It is practically impossible to separate leukocytes from red blood cells without the addition of a strong sedimenting agent, such as HES, or pentastrach. These agents induce rouleaux, or cell packing, which causes the red blood cells to settle more quickly. In the absence of rouleaux, leukocytes would sediment at the same rate due to a similar cell density as red cells. 13 As the packing of red blood cells becomes more and more compact during sedimentation, the spaces between the packed red cells become smaller and smaller. The leukocytes, therefore, concentrate in the channels between packed red cells, and collide. As a result of this collision of leukocytes, recovery of the cells is reduced. 13 This is supported by the work of Akabutu et al 14 who observed that the recovery of leukocytes is inversely proportional to the volume of the cord blood sample. Therefore, to enhance the recovery of trapped leukocytes, the plasma from the first collection can be returned to the residual cord blood and re-centrifuged.
There were three concerns raised when the double collection technique was applied. The first was regarding the quality of the recovered cells following two separate collection procedures. It was therefore important to assess the viability of the NC, CD34
+ cells, and CFU throughout the procedure. As seen in Table 1 , there was no increase in the amount of damage to CD34 + cells and NC following the double collection. This is further exemplified by the fact that the recovery of CFUs was not affected by adding a second collection process ( Table 2) .
The second concern was with the increased length of processing time. A double collection method takes significantly more time than a single collection method, so understanding what effect this will have in the clinical environment is important. For samples of an identical volume, the double collection process will take twice as long as the single collection, but this disadvantage should be compensated for by consistently higher recovery of cells with a lower proportion of samples being discarded. In fact, when there are multiple samples being processed, and each sample has a different volume, the double collection method can be more effective. As each sample has a different volume, a different centrifugation time will be required according to Equation 1 and as a result the samples would need to be processed separately. However, the double collection time is not as sensitive to sample volume (unpublished) and the centrifugation time can be averaged when multiple samples are processed. In practical terms, the double collection technique can be faster than the single collection method as it allows multiple cord blood samples to be processed together using an average centrifugation time (unpublished).
The third concern was bacterial and fungal contamination due to the increased number of transfers required during the double collection process. To prevent this, a sterile tubing welder was used to connect transfer bags. This allowed processing of the umbilical cord blood in a closed system. No contamination was detected in any of the processed samples (Table 1) .
Pentaspan was used in this study to reduce the volume of cord blood instead of the widely used Hespan. In addition to the fact that Hespan is not clinically approved or licensed in a number of countries, like Canada, there are a number of advantages to the use of Pentaspan over HES that makes it more suitable for use in cord blood banking. As HES can be detected years after its administration, 15 the safety of this sedimenting agent has recently been questioned. 16 In comparison, Pentaspan is a lower molecular weight, hetastarch-analog that is cleared from the circulation relatively rapidly. For this reason, and the fact that Pentaspan is equally as effective as HES in inducing red blood cell sedimentation, 17 Pentaspan was used as the sedimenting agent in this study.
In conclusion, the double collection technique is an efficient and reproducible method of reducing cord blood volume without depleting the sample of NC, MNC, CD34 + cells and CFU. This procedure has the immediate advantage of decreasing, and perhaps eliminating, the number of clinical samples that are discarded due to low recovery of transplantable cells. Furthermore, by increasing the recovery of stem cells from donated cord blood, more patients, of larger weights, will meet the cell dose criteria required for transplantation.
